Abstract: Films were prepared from the powders of DNA/poly-L-arginine, DNA/poly-L-lysine, and DNA/ chitosan complexes via hydrothermal hot-pressing in an effort to make more useful dental materials. The contact angles of water were between 37.6° and 49.9°. Zeta potentials at pH 7.4 were between 10.96 mV and 30.44 mV. The DNA/chitosan complex film showed the lowest contact angle and highest zeta potential. All films showed poor attachment of dermal fibroblast cells, with cells forming spheroids on all films. However, the cells survived on the films after a 5-day cultivation period. The DNA/poly-L-arginine and DNA/poly-L-lysine complex films were almost completely biodegraded within 14 days and most of the DNA/chitosan complex films were biodegraded 90 days after implantation in soft tissues of rats. These results suggest that films formed from DNA/polycation complexes will be useful for clinical treatments requiring thin membranes or films, such as protective membranes for stomatitis and incised oral wounds.
Introduction
Deoxyribonucleic acid (DNA) is expected to be a useful candidate for biodegradable biomaterials used in tissue engineering because it has properties deemed favorable for biomaterials such as binding of antibiotics or proteins to DNA having phosphate groups that have been shown to have a high affinity for calcium ions 1, 2) . However, it is hard to believe that native DNA alone can be used as a biomaterial because it is water-soluble and difficult to mold.
There are several methods available for changing native watersoluble DNA into water-insoluble DNA, such as cross-linking of DNA or the formation of DNA complexes with cationic molecules 1, 3, 4) . To utilize DNA as a biomaterial, we have prepared DNA complexes with cationic molecules and evaluated their chemical, physical and biological properties.
Firstly, we prepared DNA complexes with synthesized cationic lipids. The DNA/cationic lipid complex was insoluble in water 4) and did not produce any serious inflammatory reactions when subcutaneously implanted in soft tissues of rats. However, the DNA/lipid complex almost completely disappeared 3 days after implantation because of the external intervention of ions.
Moreover, the degradation rate is not appropriate for use in biomaterials.
As a follow-up to the abovementioned study 4) , complex formation between DNA and cationic polymers such as cationic polyamino acids or chitosan was performed. It is predicted that the dissociation of DNA/cationic polymer complexes would be more difficult than that of DNA/cationic lipid complexes because one DNA polymer will bind many cationic polymers and the free phosphate groups of DNA in the complexes may trap ions in body fluids by permeating into the complexes.
DNA can be made water-insoluble via reaction with poly-Lamino acids 5) such as poly-L-arginine (poly-arg), poly-L-histidine (poly-his), poly-L-lysine (poly-lys), chiotosan 1, 2) and protamine 3) . These DNA/cationic polymer complexes showed porous complex formation, and the absorption rate of complexes was slower than that of DNA/cationic lipid complexes when implanted into soft response after the implantation into soft tissues of rats．
In the clinical situation, defects and/or wounded areas have many shapes and sizes. It should be noted that biomaterials exhibit a wide variety of shapes such as powders, blocks, pastes, films, etc. Previously, we evaluated biological characteristics of powders 1) , porous blocks 2) and injectable pastes 3) of DNA/cationic polymer complexes. For example, porous blocks of a DNA/ chitosan complex were prepared by rinsing with buffer solution followed by subsequent freeze-drying 1) . Injectable DNA/ protamine complex paste was obtained by kneading the DNA/ protamine complex with distilled water 3) . It is well known that hydrothermal hot-pressing is a solidification method for inorganic materials such as glass, silicate, hydroxyapatite, and so on [6] [7] [8] [9] [10] . Hosoi et al. 7) demonstrated that compression under hydrothermal conditions accelerates densification of inorganic materials. Ioku et al. [8] [9] [10] reported that translucent hydroxyapatite ceramics were obtained from amorphous calcium phosphate via hydrothermal hot-pressing.
Therefore, it is expected that DNA/cationic polymer complexes can also form films via hydrothermal hot-pressing. If DNA/ cationic polymer complexes can form films, they will permit a wide variety of clinical applications. For example, they will be able to be applied as a protective membrane for postoperative procedures such as guided bone regeneration, and for stomatitis and incised oral wounds.
In the current study, the hydrothermal hot-pressing method was examined for DNA/polyamino acid and DNA/chitosan complexes. Chemical and biological assessments such as cell adhesion and the soft tissue response to the films were investigated. Figure 1 exhibits the schematic illustration of the materials and the complexes to be prepared. DNA from sterilized salmon testes that was cleaved with an enzyme into 300-bp fragments and used in the present study was provided by Maruha-Nichiro (Maruha-Nichiro Holdings Inc., Tokyo, Japan). Poly-arg (mol wt: 15,000-50,000, Sigma-Aldrich Co., St. Louis, MO, USA), polylys (mol wt: 30,000-70,000, Sigma-Aldrich Co., St. Louis, MO, USA) and chitosan (average molecular weight = 129,000; MaruhaNichiro Co. Ltd., Tokyo, Japan) were used as the cationic polyamino acids in the present study.
Materials and Methods

Preparation of DNA/cationic polymer complexes
Chitosan was dissolved in 8 ml of a 0.2 mol/L HCl solution. NaOH (0.2 mol/L) solution and distilled water were gradually added to the chitosan solution to bring the pH to 5.0, and the volume to 40 ml. Poly-arg (100 mg), poly-lys (100 mg) and DNA (100 mg) were dissolved in 40 ml of distilled water.
DNA solution was added to each cationic polymer solution and the mixture was stirred at 20°C for 1 h. The DNA/cationic polymer complexes were collected by centrifugation at 9000 rpm for 10 min and washed with distilled water. This process was repeated 3 times, after which the DNA-artificial cationic protein complexes were frozen in liquid nitrogen and then dried for 24 h in a FD-5N freeze-dryer (Eyela, Tokyo, Japan). The dried DNA/ cationic polymer complexes had the appearance of a white powder. All procedures were carried out under sterile conditions using sterilized instruments and materials.
Preparation of DNA/cationic polymer complex film Polyethylene terephthalate (PET) plates and disks (14 mm diameter and 1 mm height), as well as the Teflon plate and silicone mold (5 mm internal diameter and 1mm height) used for film preparation are shown in Fig. 2 a. DNA/cationic polymer complex (100 mg) and 50 l of distilled water were mixed with a mortar and pestle. The PET disk was put on the PET plate and the mixture was then filled in the mold on the PET disk ( Fig. 2 b) to form the complex powder disk. After carefully removing the silicone mold ( Fig. 2 c) , the Teflon plate was put onto the surface of the molded complex sample and the PET plate was then piled on top of the Teflon plate. The assembly (Fig. 2 d) was further placed onto the surface of the metal disk in the apparatus (IMC-180C, Imoto Machinery Co., Ltd, Kyoto, Japan) for hydrothermal hot pressing (Fig. 2 e) . The molded sample powders of the DNA/poly-arg and DNA/poly-lys complexes were compressed continuously at 2 MPa and 50°C for 10 min. For the DNA/chitosan complex, compression was carried out at 30 MPa and 80°C for 10 min. The assembly was cooled to room temperature and the films were removed. The films were trimmed along the PET disk to put into the bottom of the wells on a 24-well multiplate. These film disks were subsequently used for infrared spectroscopic analyses and cell culture tests. For the in vivo test, square films (5 mm × 5 mm × 0.03 mm) were cut from the disk films. All films were sterilized by electron beam radiation (Dynamitron, IBA Industrial, Sterling, VA, USA) for 1.9 sec at 20 KGy.
Although the films were prepared in accordance with the method described above, for the contact angle and zeta potential measurements, another silicon mold (5 mm width, 5 mm length and 1 mm height) was used. After trimming the film to adjust the size (15 mm × 30 mm × 0.02 mm), the trimmed films were bound to the surface of a PET plate at 2 MPa and 50°C for 10 min in the hydrothermal hot pressing apparatus. All films were kept in 100% humidity at room temperature until they were further utilized for 
Contact angle measurement of water on films
Films with dimensions of 5 mm × 15 mm × 0.03 mm were used for measurements. Distilled water droplet (1 l) at needle tip was carefully attached to the surface of film. The angle formed by the solid surface and the line tangent to the upper surface at the end point was measured in contact angle meters (DM-301 RK, Kyowa Interface Science Co., Ltd, Shinza, Saitama, Japan) and the angle that did not change with time was determined to be the contact angle. The measurement time was approximately one minute, and three runs were performed for each sample.
Ζ (zeta) potential measurements of films
An electrophoretic light-scattering spectrophotometer (ELS-800 TM , Otsuka Electronics Co., Ltd., Hirakata, Osaka, Japan) and standard particle analyzer (monitor particles, Otsuka Electronics Co., Ltd., Hirakata, Osaka, Japan) were used to measure the zeta potential of the DNA/cationic polymer complex films. PET plates with top surfaces covered with each film were attached to surface of single side wall in the sample cell that was utilized for the plate samples. The particles suspended in 10 mmol/L of a sodium chloride solution (pH 5.6) were electrophoretically moved into the sample cell to measure the zeta potential of the films. To measure the zeta potential in several solutions with different pH values, the pH of the suspension was first adjusted to 3.0 via the addition of a 0.1 mol/L HCl solution and then gradually raised to 10.0 via the addition of a 0.1 mol/L NaOH solution.
Observation of cell culture on each film
Sterilized film disks (14 mm × 0.03 mm) were evenly put on the bottom surfaces of the wells of 24-well multiplates. A Teflon tube (13 mm internal diameter, 16 mm height and 1 mm thickness) was put onto the film surface to prevent the film from moving in the well.
Primary normal human dermal fibroblast cells (Cell Systems Corporation, Kirkland, WA, USA) were cultured in a medium (Fibroblast Growth Medium Kit, Cell Systems Corporation, Kirkland, WA, USA) attached to the cell. A 1 ml suspension of cells (1 10 5 cells/ml) was added into each well of a 24-well multiplate and incubated for 5 days at 37°C in a humidified environment containing 5% CO 2 . Each cell proliferation was observed after 6 hours, 3 days and 5 days of incubation with a phase contrast microscope (Eilpse TS 100, Nikon, Tokyo, Japan). Moreover, dermal fibroblast spheroids torn off from the film surfaces were seeded into new plastic wells and then cultured for 3 days. Cell proliferation was observed with a phase contrast microscope.
Implantation and histological evaluation
Animal experiments were performed in accordance with the ethical guidelines for animal experiments of The Fukuoka Dental College. Ten-week-old male Sprague-Dawley rats were used in the present study. Surgery was performed under general anesthesia induced using 2% isoflurane (Abbott Laboratories, Abbott Park, IL, USA) and an air mixture gas flow of 1.0 L/min using an anesthesia gas machine (Anesthesia Machine SF-B01, MR Technology, Inc., Tsukuba, Ibaraki, Japan). An incision was made in the back of the rats and each complex film paste was implanted.
After insertion of the samples, the soft tissues were closed in separate layers by suturing with intracutaneously resorbable Vicryl 3-0 (Ethicon, Inc., Somerville, NJ, USA). The rats (54 in total) were divided into three groups for different observation times of 3 days, 7 days and 14 days for the DNA/poly-arg and DNA/polylys complex films, and 3 days, 30 days and 90 days for the DNA/ chitosan complex film. Six rats were used for each group at each period. At each period, the animals were sacrificed with an overdose of isoflurane. After sacrificing the animals, the subcutaneous tissues containing the implanted samples were i mme d ia t e ly e xc i s ed . Th e y we r e fi xe d in 4 % ( w/v ) paraformaldehyde in phosphate buffer (pH 7.4), dehydrated with graded alcohols, cleared in xylene and embedded in paraffin by routine procedures. The specimens were sectioned at 3 µm. Three tissue sections were prepared for each group at each period. The sections were stained with hematoxylin and eosin for histological observation using a Nikon Eclipse 55i light microscope (Nikon, Tokyo, Japan). Figure 3 shows the complex film prepared from the powder of the DNA/chitosan complex using the hydrothermal hot pressing method. All films are transparent and words under the films could be clearly read, as shown in Fig. 3 be assigned to the C=O, P=O and P-O-C stretching modes, respectively. Fig. 4 B shows the FT-IR spectrum of poly-arg. The broad peak around 3300 cm -1 is attributed to the N-H stretch. The peak at 1656 cm -1 is attributed to the C=O stretching and N-H bending modes, respectively. The peaks at 1541 cm -1 and 1384 cm -1 are attributed to the N-H bending mode of the guanidinium moiety. Fig. 4 C shows the FT-IR spectrum of poly-lys. The broad peak around 3300 cm -1 is attributed to the NH stretch. The peak at 1623 cm -1 is attributed to the C=O stretching and N-H bending modes, respectively. The peak at 1540 cm -1 is attributed to the N- As shown in the middle (wet films) and bottom (dried films) of Fig. 5 , all FT-IR spectra are very similar to that of each complex powder except for the intensity of the broad peak assigned to the O-H stretch of bound water. The freeze-dried films showed a greater decrease in the intensity of the broad peak assigned to the O-H and C=O stretching modes, compared to the air-dried film.
Results
Preparation of DNA/cationic polymer complex films
Contact angle measurement
Contact angles against water on the DNA/poly-arg, DNA/polylys and DNA/chitosan complex films were 49.9°, 45.8°, and 37.6°, respectively. For the DNA/chitosan complex film, the contact angle was significantly lower than the others (p < 0.05).
Z (zeta) potential measurements
The zeta potentials of each film are shown in Fig. 6 . For all films, the zeta potentials decreased with an increase in the pH of the sodium chloride solution. The DNA/poly-arg, DNA/poly-lys and DNA/chitosan complex films showed zeta potentials of 10.96 mV, 18.27 mV, and 30.44 mV, respectively, at pH 7.4, which is very similar to the intravital pH value; the isoelectric points (pI) were 9.3, 9.9 and 9.8, respectively. Each pI and zeta potential that was obtained reflects the cationic property of each DNA/ cationic polymer complex film.
Observation of cell culture on each film
Micrographs of dermal fibroblast cells on the films and the plastic dish (controls) are shown in Fig. 7 . Cells were evenly dispersed on both the films and the dish after a 1-day cultivation period. Although some cells on the plastic dish began to extend after a 3-day cultivation period and extended cells increased after a 5-day cultivation period, cells on the films showed intercellular adhesion or the beginning of spheroid formation after a 3-day cultivation period, with cell spheroids forming after a 5-day cultivation period.
Micrographs of spheroids re-cultured on the plastic dish for 3 hours and 3 days are shown in Fig. 8 . Spheroids formed on the DNA/poly-arg complex film were representative of all spheroids. All spheroids could re-culture on the plastic dish 
Implantation and histological evaluation
To elucidate the biodegradability of all of the films, we examined the histological changes in implant materials in the subcutaneous tissue of rats (Fig. 9) . All implant films were surrounded by inflammatory exudates containing numerous inflammatory cells 3 days after the subcutaneous implantation (Figs. 9 A, D, and G) . The DNA/chitosan complex film remained in an almost whole configuration, while the DNA/poly-L-arg and DNA/poly-L-lys complex films tended to fragment into smaller pieces. Degradation of both the DNA/poly-L-arg and DNA/poly-L-lys complex films progressed. Seven days after implantation, a small amount of fragmented films were scattered in the implant site in which cellular granulation tissue had been replaced (Figs. 9 B and E). The implant sites of both the DNA/poly-L-arg and DNA/poly-L-lys complex films were totally replaced by fibrous connective tissue (Fig. 9 C) or fibrous granulation tissue containing a few fragments of materials (Fig. 9 F) 14 days after implantation. In contrast, fragments of the DNA/chitosan complex film still remained in the implant site even one month after implantation (data not shown). Ninety days after implantation, the implant sites showed total replacement of fibrous connective tissue in one-half of the implant specimens (Fig. 9 H) . The others showed a scattering of film fragments in the implant site replaced by fibrous connective tissue (Fig. 9 I) .
Discussion
In the present study, three kinds of DNA/polycation complexes were prepared and their chemical and biological properties were evaluated. Previously, the DNA/poly-his complex was prepared in addition to the DNA/poly-L-arg and DNA/poly-L-lys complexes. The DNA/poly-his was not employed in the present study because its cell viability was relatively low in the previous study 5) . It was demonstrated that 60% of the original porous DNA/ chitosan complex disk remained 180 days after implantation into the back of rats 2) . Thus, the film formation and the in vitro and in vivo response of the DNA/chitosan complex were evaluated.
As expected, the powder of all of the complexes became films after hydrothermal hot-pressing. Films with a required thickness can be prepared by adjusting the thickness of the molded complex (Fig. 2 E) and/or a compressed load. All films were transparent.
Although a detailed mechanism of film formation is still not clear, our conjectures are as follows: either the action of adding water as a plasticizer or the heating-enhanced flexibility of the complexes and consequent compression under hydrothermal condition accelerates densification of the polymers. Thus, all complex powders became films under compression. Moreover, residual water reduced the internal reflection of light in the films so that all films had good transparency after being dried under vacuum (Fig. 4) . FT-IR measurements confirmed the presence of water in the DNA film even after freeze-drying.
FT-IR measurements also revealed that no distinct conformational change occurred via the hydrothermal hot-pressing method. Compared with the frequencies of C=O stretching mode in the air-dried complex films, the frequencies in the vacuumdried complex films were reduced. Taniguchi and Saito 11) reported that the frequencies of the C=O stretching mode in the double stranded structure of DNA were reduced in the absence of water.
Our results suggest that the double stranded structure of DNA was still maintained after hydrothermal hot-pressing.
Contact angle measurements against water revealed that the DNA/chitosan complex film was the most hydrophilic among all three DNA films. This is due to the presence of the OH group of the N-acetylglucosamine moiety of chitosan. Many studies have reported the relationship between cell adhesion and the wettability of a material's surface 12, 13) . Generally, cell adhesion was enhanced on the surface with a contact angle between 60-70°. A surface with a contact angle against water of either more or less than 60- For cells such as primary neurons, Elaine et al. 14) reported that adhesion molecules such as poly-D-lysine are required for adherence. Lankamp et al. 15) cultured Schwann cells on different substrates and demonstrated that the proliferation of the cells on fibronectin and poly-lysine was optimal. Thus, we expected that adherent cells such as fibroblasts could easily attach to the films, as all films exhibit positive charges like poly-lysine 16) . As unexpected, dermal fibroblast cells formed spheroids on films 5 days after seeding. Teraoka et al. 17) reported that mouse osetoblastlike cell attachment to surface-modified poly-L-lactide was improved via a decrease in the zeta potential from approximately -27 mV to approximately -67 mV. Kishida et al. 18) described that HeLa S3 cell attachment to polyethylene films, which were grafted with styrene sulphonic acid sodium salt (anionic) and N,Ndimethyaminopropyl acrylamide (cationic) occurred when the zeta potentials exceeded critical values of -60 mV and 12 mV, respectively. Moreover, Kawazoe et al. 19) reported in the DNA/ chitosan complex study with mesenchymal stem cells that a higher DNA content (DNA:chitosan = 3:1) suppressed cell spreading and caused cell aggregation. They suggested that the negative charge of the films effected cell spreading. It seems that the effect of zeta potentials on cell-attachment is uncertain. We consider that relationships between cell adhesion and the zeta potentials of films are still unclear. It should be noted that spheroid formation is not a disadvantage for cell culture. Zhen et al. 20) suggested that cellcell and cell-extracellular interactions form a complex communication network of biochemical and mechanical signals, which are critical for normal cell physiology, rather than 2-D cell cultures.
Fukushima et al. 2) reported that the porosity of the DNA/ chitosan complexes affected tissue responses, such as the rate of biodegradation in the soft tissues of rats. They described that the DNA/chitosan complexes with lo w porosity have low biodegradability, and approximately 40% of the volumes of the DNA/chitosan complexes was retained. The remaining of complexes were encapsulated by fibrous connective in 6 months after implantation. In the present study, translucent films are nonporous materials. There is a concern that the films cannot be biodegraded and can be encapsulated with soft tissues. Thus, we investigated the soft tissues responses of the films.
Histological findings reveal the usual process of a foreignbody reaction, irrespective of the films used in this study. Inflammatory changes in the implant sites are totally replaced by fibrous connective tissue. These biological reactions are identical to those reported in our previous studies 1, 2, 5) . However, biodegradation of the DNA/chitosan complex film in rats is distinct from that of other films. Compared to the DNA/poly-L-arg and DNA/poly-L-lys complex films, the DNA/chitosan complex film remained in the implant site even one month after implantation.
This result indicates that the DNA/chitosan complex film has an inherent tolerance for biodegradation. Our previous study 2) demonstrated that the DNA/chitosan powder remained in the subcutaneous tissue for more than 3 months after implantation.
In the present study, a significant difference in the biodegradation rates between the DNA/poly-L-amino acid complex films and the DNA/chitosan complex film was found. We considered that the DNA/chitosan film showed a lower biodegradation speed since chitosan possessed a lower affinity for the enzyme in mammals 21) .
The rate of degradation for biodegradable biomaterials is critical for their impact in tissue engineering. The ability to adjust the degradation rate of biomaterials will allow for a wide variety of clinical applications. We conjecture that required biodegradation rates of films can be adjusted by combining the DNA/cationic polymer complex with different degradable speeds.
In conclusion, the DNA/poly-arg, DNA/poly-lys and DNA/ chitosan complex powders became transparent films after hydrothermal hot-pressing. All films showed poor dermal fibroblast cell attachment, with the cells forming spheroids.
However, the cells survived on films after a 5-day cultivation period. All films showed a mild soft-tissue response. The DNA/ poly-arg and DNA/poly-lys complexes completely degraded within 14 days after implantation, and most of the DNA/chitosan complex films degraded within 90 days after implantation. Therefore, it is anticipated that these complexes will be useful for clinical treatments requiring thin membranes or films, such as protective membranes for stomatitis and incised oral wounds.
